Background 20 There is no consensus on the precise rocker shoe outsole design that will optimally reduce 21 plantar pressure in people with diabetes. This study aimed to understand how peak plantar 22 pressure is influenced by systematically varying three design features which characterise a 23 curved rocker shoe: apex angle, apex position and rocker angle. 24 Methods 25 A total of 12 different rocker shoe designs, spanning a range of each of the three design 26 features, were tested in 24 people with diabetes and 24 healthy participants. Each subject also 27 wore a flexible control shoe. Peak plantar pressure, in four anatomical regions, was recorded 28 for each of the 13 shoes during walking at a controlled speed. 29 Findings 30 There were a number of significant main effects for each of the three design features, 31 however, the precise effect of each feature varied between the different regions. The results 32 demonstrated maximum pressure reduction in the 2nd-4 th metatarsal regions (39%) but that 33 lower rocker angles (<20°) and anterior apex positions (> 60% shoe length) should be 34 avoided for this region. The effect of apex angle was most pronounced in the 1 st 35 metatarsophalangeal region with a clear decrease in pressure as the apex angle was increased 36 to 100°.
Introduction 60
Specially designed footwear is often prescribed to patients with diabetes to reduce in-shoe 61 pressures (Cavanagh et al., 2000) . Prospective clinical trials have demonstrated that 62 therapeutic footwear can reduce the incidence of foot ulcers (Chantelau, 2004 ; Uccioli et al., 63 1995), however, further research is required to understand whether pressure reducing 64 footwear is an effective strategy for the primary prevention of ulcers (Bus et al., 2008) . Over 65 recent years, there has been large growth in the number of individuals suffering with diabetes 66 (Sicree and Shaw, 2007) . It may therefore be appropriate to encourage all individuals with 67 diabetes to wear pressure reducing footwear, irrespective of whether they are at high risk or 68 not. This would ensure that all individuals with diabetes experience minimal plantar tissue 69 damage would help protect individuals who do not attend for regular foot health checks 70 against ulceration and would encourage patients to accept specialist footwear as normal 71 health behaviour. However, for pressure reducing shoes to become the footwear of choice for 72 low risk diabetic patients, they must be aesthetically acceptable so that they are actually worn 73 (Knowles and Boulton, 1996) . 74 One of the most effective designs for reducing in-shoe pressure is the rocker outsole is more likely to be accepted by low risk patients, especially those who have not experienced 84 foot problem severe enough to cause them to alter their footwear choices. is typically varied by increasing/decreasing the thickness of the outsole. In order to optimise 94 the design of the rocker shoe, it is necessary to understand how each of the three outsole 95 design features influence plantar pressure. Given that apex angle and apex position can be 96 adjusted without any obvious change to the appearance of shoe, it is especially important to 97 understand the effect of these parameters on plantar pressure across a range of different 98 6 individuals. It is possible that a single combination of apex angle, apex position and rocker 99 angle may be optimal for all individuals and would therefore be the recommended design. 100 However, it is also possible that different individuals may need different combinations of the 101 three design features in order to maximise pressure reduction. In this scenario, in-shoe 102 pressure measurement technology could be used, at the point of sale or in the clinic, to 103 establish the most effective design for an individual patient.
104
To date, most studies aimed at investigating the capacity of rocker shoes to reduced 105 pressure have simply compared peak pressure between two or three off-the-shelf shoes (3) rocker angle ( Figure 1 ) on plantar pressure in the curved rocker shoe. We sought to 120 understand the mean effect of varying these three parameters in a cohort of low risk patients 121 with diabetes and to establish whether the same effects would be observed in a healthy 122 population. We also sought to understand whether a specific combination of the three design Patients with diabetes were excluded if they suffered with any foot deformity. This was 133 necessary as the shoes used in this study were all manufactured using a standard last because 134 this helps maintain shoe aesthetics. Patients had a mean (SD) age of 57(8), a mean weight of If patients were unable to detect more than one site or had absent vibration perception they 143 were classed as neuropathic and not recruited for the study. Limiting the experimental work 144 to low-risk patients with diabetes limits the generalisability of the findings. However, it was 145 felt that this study would provide insight into the general principles of footwear design which 146 could be incorporated into future footwear studies developed for high risk patients. of the four regions for each of the 25-35 steps in each shoe. It was then averaged across all 202 steps to give a single value for each region and shoe. The analysis (described below) of the 203 left and right data showed the same trends and therefore only the left side data is presented 204 here. Although it is possible to report pressure time integral in addition to peak plantar 205 pressure, a recent review concluded that the added value of this parameter is limited (Bus and 206 Waaijman, 2012) and therefore it has not been presented.
207
Two-way repeated-measures ANOVA testing was used to understand mean effects. In order to quantify inter-subject variability, the apex angle which gave the minimum 215 peak pressure was identified for each participant in each of the four anatomical regions. This 216 data was then used to calculate the distribution of optimal apex angles (across individuals) for 217 each anatomical region. This analysis was repeated for apex position and rocker angle.
218

Results
219
Mean effect of the different rocker shoe designs: 220 There were a number of significant main effects for footwear design features ( Figure 4 ) and 221 significant differences between the control shoe and the individual rocker shoes (Table 1) .
222
When the apex angle was increased from 70° to 100° there was a corresponding reduction in I  I  I  I  I  I  I  I  I  I   13   Table 1 : Significant differences between control shoe and the rocker shoe design 245 features for the 5 plantar regions. "R" denotes significant reduction, "I" denotes 246 significant increase.
248
When the apex position was varied from 50 to 70% there was no clear trend in peak 249 pressure in the 1 st MTP region (Figure 4a ). However, in the 2nd-4 th MTH, hallux and 5 th 250 MTH regions, pressures were observed to be higher for the shoes with apex positions further 251 forward in the shoe (Figure 4b-d ). In comparison to the control shoe, a maximum pressure 252 reduction of 13% was observed under the 5 th MTH, however a 39% reduction was observed 253 under the 2nd-4 th MTH but there was no difference in peak pressure in the hallux region 254 between the control and any of the shoes with varying apex position (Table 1 ). In the heel 255 region, shoes with an apex position further back were observed to significantly increase peak 256 pressure relative to the control shoe ( Figure 4e & Table 1 ).
257
As rocker angle was increased from 10 to 30° there was a decrease in peak pressure Inter-subject variability between the different rocker shoe designs 279 In order to understand inter-subject variability associated with the effects of varying 280 the design features, and given the absence of design feature by group interactions, the data 281 from all subjects was pooled (n=48) and has been presented in Figure 5 . MTP joint and hallux regions, with no clear optimal position. However, in the other two 293 forefoot regions, the optimal apex position was almost always between 50 and 60% (Table 1) . 294 the participants. Although optimal rocker angle displayed some inter-subject variability in the 295 forefoot regions, rocker angles of 10° or 15° were rarely found to be optimal. This again 296 contrasted with the heel region where the lower angles performed better. pressures, however, the apex angle had little effect on peak pressure. Similar trends were 311 observed in the 5 th MTH region. In the hallux region, provided lower rocker angles (<20°) 312 were excluded, peak pressures were very similar across the different shoe designs. The only 313 exception was a modest reduction in peak pressure in the shoe with a 90° apex angle.
314
Similarly, in the 1 st MTP region, peak pressures seemed relatively unaffected by apex 315 position and rocker angle. However, there was a clear decrease in pressure as apex angle was 316 increased to 100°. Finally, in the heel region, small increases in peak pressure were observed 317 across all designs.
318
One of the objectives of this study was to establish some general design principles 319 which could be incorporated into preventative rocker shoes. It was not possible to cover 320 every possible combination of design feature and thus we cannot make definitive 321 recommendations. However, the results suggest that rocker angles of <20° should be avoided 322 along with apex positions of >60% shoe length. Furthermore, given that we tested four shoes 323 with a rocker angle of 20°, apex position of 60% and varying apex angle, we can make some 324 provisional recommendation for apex angle. Ulceration is less common under the 5 th MTH 325 and therefore we suggest the shoes should be designed to prioritise offloading across the three 326 forefoot regions. The 2nd-4 th MTH regions were unaffected by apex angle and therefore we 327 suggest a 95° angle as a compromise for the 1 st MTP region and the hallux. decreased with increasing radius of curvature (increased rocker angle).
366
There are some limitations to the present study. Firstly, in order to test the relatively 367 large numbers of shoes used in this study, participants were only given a few minutes to 368 become accustomed to each different design. However, pilot work showed that peak 369 pressures in rocker shoes typically stabilise after a short amount of time. Therefore, we 370 believe the data collected is representative of pressure patterns which would be observed in a 371 real-world scenario. The second limitation is that we did not study the interaction between the 
